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The rotational dynamics of particles subject to external illumination is found to produce light
amplification and inelastic scattering at high rotation velocities. Light emission at frequencies shifted
with respect to the incident light by twice the rotation frequency dominates over elastic scattering
within a wide range of light and rotation frequencies. Remarkably, net amplification of the incident
light is produced in this classical linear system via stimulated emission. Large optically-induced
acceleration rates are predicted in vacuum accompanied by moderate heating of the particle, thus
supporting the possibility of observing these effects under extreme rotation conditions.
PACS numbers: 42.50.Wk,41.60.-m,45.20.dc,78.70.-g
I. INTRODUCTION
Despite its minuteness, the exchange of momentum by
light-matter interaction is responsible for observable phe-
nomena ranging from the formation of comet tails to the
trapping [1, 2] and cooling [3] of small particles down
to single atoms. In particular, the exchange of angular
momentum produces mechanical torques. In a pioneering
experiment, Beth showed that optical spin can induce ro-
tation in birefringent plates illuminated by circularly po-
larized (CP) light [4]. This effect has been subsequently
confirmed on the macro- [5], micro- [6], and nanoscales
[7, 8]. Light can also carry orbital angular momentum,
which has been widely used to produce vortex-like mo-
tion of microparticles [9]. Additionally, chiral particles
undergo rotation even when illuminated by unpolarized
plane waves [10, 11] (i.e., light without net angular mo-
mentum).
The interaction of light with rotating particles raises
fundamental questions, such as the possibility of cooling
the rotational degrees of freedom down to the quantum
regime. On the opposite side, the material response of
particles rotating at extreme velocities can be largely in-
fluenced by spinning forces, eventually leading to cen-
trifugal explosion. Even the kinematical change between
lab and rotating frames is known to produce frequency
shifts in the light emitted by rotating particles [12–15].
These effects may be occurring in cosmic dust irradiated
by polarized light over enormous periods of time. Parti-
cle trapping in vacuum [16] may provide a suitable frame-
work to study these phenomena.
In this Letter, we study the electromagnetic torque
and scattering properties of rotating particles suject to
external illumination. Like in rotational Raman scatter-
ing [17], the particle produces inelastic scattering at fre-
quencies separated from the incoming light by twice the
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FIG. 1: Sketch of a rod-like particle rotating with frequency
Ω around a transversal direction (z axis). An incident light
plane wave of frequency ω illuminates the rod along a direc-
tion normal to its axis, thus producing an electromagnetic
torque M and scattered light of frequencies ω and ω ± 2Ω.
For left circularly polarized (LCP) light, as considered in the
figure, only the ω − 2Ω inelastic component is emitted.
rotation frequency. We report two remarkable observa-
tions at large rotation velocities: (i) inelastic scattering
is stronger than elastic scattering; and (ii) net ampli-
fication of the incident light takes place via stimulated
emission in this purely classical linear system. We base
this conclusions on analytical expressions derived for the
torque, the absorbed power, and the inelastic light scat-
tering cross section, from which a complex resonant inter-
play between the light frequency and the particle rotation
frequency is observed. Feasible experimental conditions
for the observation of light amplification are discussed.
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2II. OSCILLATOR MODEL FOR A SPINNING
PARTICLE
For simplicity, we consider a spinning rod, the opti-
cal response of which can be modeled with an effective
spring consisting of a point particle of mass m and charge
Q oscillating around a fixed charge −Q with natural
frequency ω0 and damping rate γ. The point-particle
motion is constrained to the longitudinal direction of
the rod ρˆ, which is rotating with frequency Ω around
a direction zˆ perpendicular to ρˆ (see Fig. 1), so that
the instantaneous position of this charge can be writ-
ten r(t) = ρ(t) (xˆ cos Ωt+ yˆ sin Ωt), where ρ(t) is the dis-
tance to the central charge. The force equation of motion
is then given by (see Appendix)
mr¨ = −mω20ρρˆ−mγρ˙ρˆ+QE +mτ
...
r + F reactϕˆ, (1)
where the terms on the right-hand side are (from left
to right) the restoring force, the intrinsic friction, the
external electric-field force, the Abraham-Lorentz force
accounting for radiative damping proportional to τ =
2Q2/3mc3 [18], and the particle reaction force F react
taken to cancel other azimuthal components in order to
constrain the motion of the point charge along the ro-
tating ρˆ axis. We assume the charge velocity to be small
compared to the speed of light, so that the magnetic com-
ponent of the force can be overlooked, although it could
lead to a small precession. The transversal polarization
of the rod is also considered to be negligible.
III. ELECTROMAGNETIC TORQUE
The resulting torque M is directed along zˆ and origi-
nates in the reaction force according to M = −F reactρ.
For monochromatic incident light of frequency ω and
electric field E = (Exxˆ + Eyyˆ)e
−iωt + c.c., we can solve
Eq. (A1) analytically to find the time-averaged torque
(see Appendix)
M =
Q2
2m
{
− [γω+ + τ(ω + 2Ω)3] |E+|2|d+|2
+
[
γω− + τ(ω − 2Ω)3
] |E−|2
|d−|2
}
, (2)
where ω± = ω ± Ω, E± = Ex ± iEy, and d± = ω20 −
Ω2 − ω±(ω± + iγ) − iτω±(ω2± + 3Ω2). The γ terms in
Eq. (A6) originate in photon absorption by the particle,
whereas the τ terms describe a radiative reaction torque
similar to what happens in rotating dipoles [19]. The
torque predicted by Eq. (A6) presents resonant features
signaled by the zeros of d±. In small absorbing particles,
for which the τ terms can be neglected compared to the
γ absorption terms, this condition reduces to the ellipses
Ω2 + (ω ± Ω)2 = ω20 , (3)
as is clear in Fig. 2(a) for left CP (LCP) incident light,
corresponding to the lower sign in Eq. (3). The figure is
actually representing the cross section towards mechani-
cal work, given by σmech = MΩ/I, where I = (c/2pi)|E|2
is the external light intensity and |E|2 = |Ex|2 + |Ey|2.
For light oscillating at the same frequency as the rota-
tion, the particle sees a frozen incident field, and the
torque is therefore zero (it vanishes along the ω = Ω
line). For slower rotation (ω > Ω) the torque is positive,
pointing to a net transfer of momentum from the light
field to the particle. In contrast, the torque and σmech
become negative for faster rotation even when the light
and the particle rotate in the same direction (Ω > ω > 0).
This suggests that the incident light is actually braking
the particle by effectively producing stimulated photon
emission with contributions proportional to the ohmic
and radiative losses (terms in γ and τ , respectively).
IV. PARTIAL CROSS SECTIONS
The absorption and elastic-scattering cross sections ad-
mit the closed-form expressions (see Appendix)
σabs =
piγQ2
mc
(
ω2+
|E+/E|2
|d+|2 + ω
2
−
|E−/E|2
|d−|2
)
and
σω =
piQ4ω4
3m2c4
( |E+/E|2
|d+|2 +
|E−/E|2
|d−|2
)
.
Interestingly, the rotational motion produces inelastic
scattering components at frequencies ω ± 2Ω [17] and
responding to the cross sections (see Appendix)
σω±2Ω =
piQ4(ω ± 2Ω)4
3m2c4
|E±/E|2
|d±|2 .
The consistency of this model is corroborated by the fact
that the sum of all partial cross sections (σω + σω+2Ω +
σω−2Ω + σmech + σabs) equals the total extinction cross
section derived from the optical theorem (see Appendix).
The partial cross sections are also resonant under the
condition (3) (see Fig. 2). In particular, light absorption
[Fig. 2(b)] produces a positive transfer of intrinsic angu-
lar momentum from each absorbed photon to the particle
(∝ σabsI), while elastic scattering [Fig. 2(b)] dominates
the Ω ∼ ω region. For right CP light, we obtain similar
results, with the ellipsoids of M , σabs, and σω reflected
with respect to the ω = 0 axis (not shown). For linear po-
larization, we find a superposition of the two orthogonal
circular polarizations (see Appendix).
Two remarkable effects emerge at large rotation veloc-
ities (|Ω| > |ω|): (i) the inelastic emission (at frequency
ω − Ω for LCP light) becomes a leading process; and
(ii) like the mechanical cross section, the total extinc-
tion cross section can be negative (e.g., for Ω > ω > 0
and LCP light), thus confirming a net stimulated light
emission, whereby mechanical motion is converted into
photons (see below).
3FIG. 2: Dynamical properties of a rod illuminated by LCP light of frequency ω and rotating at frequency Ω, both normalized
to the excitation resonance frequency of the rod ω0. (a) Mechanical cross section MΩ/I, where M is the electromagnetic
torque and I is the light intensity. (b) Absorption cross-section. (c) Elastic scattering cross-section. (d) Inelastic scattering
cross-section (emission at frequency ω−2Ω). The particle is described by a rotating harmonic oscillator with intrinsic damping
rate γ = 0.1ω0. The color scale is in units of Q
2γ/mcω20 in (a)-(b) and Q
2τ/mc in (c)-(d), assuming γ  τω20 .
V. CONNECTION TO ACTUAL PARTICLES
The model parameters Q2/m, ω0, and γ can be eas-
ily adjusted to fit the polarizability of a particle at rest
(Ω = 0). Computing the induced dipole p = Qρρˆ
from our model (see appendix), we find p = αE, where
α = (Q2/m)/(ω20 − ω(ω + iγ) − iτω3) is the polarizabil-
ity. In the absence of internal friction (γ = 0), this ex-
pression satisfies the property Im{−α−1} = 2ω3/3c3, as
expected from the optical theorem for non-absorbing par-
ticles [20]. This polarizability has the same form as that
of a sphere of radius R described by the Drude dielec-
tric function  = 1 − ω2p/ω(ω + iγ), which allows us to
identify ω0 = ωp/
√
3 and Q2/m = ω20R
3. Incidentally,
at low Ω and within the dipole approximation, we find
M/|E|2 = Im{α‖ + α⊥} − (4ω3/3c3)Re{α‖α∗⊥} from an
analysis based upon the Maxwell stress tensor [18, 21]
for the torque produced by LCP light on a rod under
the conditions of Fig. 1, where α‖ and α⊥ are the po-
larizabilities along directions parallel and perpendicular
to the rod, respectively. This torque vanishes for non-
absorbing spheres in virtue of the optical theorem. In
contrast, non-absorbing rods (α‖ 6= α⊥) experience a net
torque because the term in ω3/c3 cannot compensate the
first one.
This indicates that the torque acting on small lossy
spheres, in which absorption (the γ term) governs
Im{−α−1}, can be approximated with our formalism as
twice the torque acting on a rod, but using the above
identification of model parameters. Just to give a better
idea of the order of magnitude of the mechanical and ab-
sorption cross sections for a Drude sphere, the units in the
color scale of Fig. 2(a)-(b) are Q2γ/mcω20 = R
3/(c/γ),
with typical values of c/γ ∼ 1µm in noble metals.
VI. STIMULATED EMISSION AND LIGHT
AMPLIFICATION
We show in Fig. 3 the partial cross sections of rotating
rods in the limits of high and low ohmic losses. The nega-
tive extinction represents an increase in the amplitude of
the incident beam after interaction with the rotating par-
ticle. Incidentally, our recently reported rotational fric-
tion [22] can be understood as the spontaneous-emission
counterpart of the stimulated emission under discussion.
Stimulated emission takes place at ω < Ω by transfer-
ring mechanical energy from the particle to the incident
beam (coherently added photons). This allows us to spec-
ulate with the possibility of constructing a laser (see Ap-
pendix) in which an incident CP light beam is exponen-
tially building up as it encounters rotating particles along
its path (the particles are externally driven, for example,
by pumping CP light of higher frequency). This scheme
is robust because it is insensitive to finite distributions
of particle size and rotation velocity, as long as the latter
exceeds the light frequency.
VII. PARTICLE HEATING
For constant incident light intensity, light absorption
leads to heating of the particle until it reaches an equi-
librium temperature Teq above the temperature of the
surrounding vacuum T0. This equilibrium is established
when the absorbed power σabsI equals the radiative cool-
ing rate P rad. In the Drude approximation for a metal
sphere, and neglecting the effect of Ω, which only en-
ters at large velocities, we have [22] P rad ∝ T 6eq − T 60 ,
which leads to T 6eq = T
6
0 + CσabsI. This is represented
in Fig. 4(b) for a 10 nm carbon nanotube (upper solid
curve) for which the polarizability has been obtained in
the discrete-dipole approximation [? ]. There are two
4FIG. 3: Stimulated light emission in rotating particles. The
plots show the spectral dependence of the partial cross sec-
tions for (a) dissipative (γ  τω20) and (b) non-dissipative
(γ  τω20) rods rotating with frequency Ω = 2ω0. The shaded
areas for negative extinction (σext < 0) give the excess of pho-
tons added to the incident beam as a result of the interaction
with the particle. We take γ = 0.1ω0.
different regimes in the dependence of Teq on light in-
tensity: at low I, the particle is nearly at the vacuum
temperature, but when the intensity increases, the par-
ticle heats up, asymptotically approaching a I1/6 power
law. A similar behavior is observed for a gold nanoparti-
cle [Fig. 4(b), lower solid curve], incorporating the effect
of magnetic polarization and a realistic metal permittiv-
ity taken from optical data [22, 23].
VIII. ROTATIONAL DYNAMICS
The time needed to accelerate a carbon nanotube and
a gold nanoparticle to 1 MHz is represented in Fig. 4(a)
as a function of LCP light intensity, as calculated with
the torque of Eq. (A6). This time scales approximately
as ∝ R2ω20Ω/γωI under the condition γω  ω20 , and
it plunges well under 0.01 s for light intensities below
the melting threshold. This suggests the possibility of
achieving extreme rotation velocities in optically trapped
nanoparticles, and eventually producing centrifugal ex-
plosion, thus introducing an unprecedented physical sce-
nario (this should happen close to the point at which
the centrifugal energy reaches the surface-tension en-
ergy, which in a 20-nm liquid gold particle occurs at
Ω ∼ 3GHz).
IX. CONCLUDING REMARKS
The present self-consistent oscillator model permits
capturing the optical response of particles rotating un-
der extremely high velocities. This defines a new scenario
plagued with exotic phenomena such as strong inelastic
scattering, and most notably, the possibility of realizing
a laser (see Appendix) running on a classical linear sys-
tem by exploiting our prediction of light amplification
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FIG. 4: (a) Time needed to accelerate a 20-nm gold sphere
and a 6×6 10-nm-long single-wall carbon nanotube (CNT) to
a rotational velocity Ω = 1 MHz as a function of incident CP
light intensity. (b) Particle equilibrium temperature. The
particles are rotating in vacuum at an external temperature
T0 = 300 K. The gold and carbon melting points are indicated
by dashed lines in (b). The light frequency is ω = 2pi×1014 Hz
(wavelength ∼ 3µm).
stimulated by particles rotating faster than the light fre-
quency. There are several avenues towards potentially
practical implementations of these systems, such as, for
example, (1) a diluted gas of linear molecules driven to
THz rotational frequencies by CP light and acting as the
active medium of a laser operating in that demanded fre-
quency range; (2) an extension of these ideas to acoustic
lasing based on a similar classical interaction with sub-
wavelength particles rotating faster than the sound fre-
quency; (3) microwave waveguide setups such as those
used to monitor rotational frequency shifts [5]; (4) dust
clouds in cosmic environments exposed to polarized light,
in which radio wave amplification might be taking place.
Acknowledgments
This work has been supported by the Spanish MICINN
(MAT2010-14885 and Consolider NanoLight.es) and the
European Commission (FP7-ICT-2009-4-248855-N4E).
A.A.-G. and A.M. acknowledge financial support through
FPU from the Spanish ME.
5FIG. 5: Illustration of our model for a rotating nanorod. A
charge Q rotates with frequency Ω around a static charge −Q.
The moving charge oscillates along the rod axis.
Appendix A: Theoretical formalism
1. Description of the model and equation of motion
We model a rotating rod by a point chargeQ oscillating
around a fixed charge −Q according to the equation of
motion
mr¨ = −mω20ρρˆ−mγρ˙ρˆ+QE +mτ
...
r + F reactϕˆ, (A1)
where E is the external electric field, the dots indicate
differentiation with respect to the time, r and m are the
coordinate vector and the mass of the moving charge,
respectively, ω0 and γ are the natural frequency and the
intrinsic damping rate of the oscillator,
τ = 2Q2/3mc3
gives the coupling to radiation via an Abraham-Lorentz
force [18], and
F react = (mr¨−QE−mτ ...r ) · ϕˆ (A2)
is the reaction of the nanoparticle that constraints the
point charge to rotate with fixed frequency Ω around the
zˆ axis. The point charge moves along the rod axis ρˆ,
which also rotates with frequecy Ω around zˆ. The main
elements of the model are graphically illustrated in Fig. 5.
The moving charge coordinate vector can thus be written
as
r(t) = ρ(t)ρˆ. (A3)
The radial and azimuthal unit vectors depend on time
as ρˆ = xˆ cos Ωt + yˆ sin Ωt and ϕˆ = −xˆ sin Ωt + yˆ cos Ωt,
respectively. Inserting Eq. (A3) into Eq. (A1) and notic-
ing that ˙ˆρ = Ωϕˆ and ˙ˆϕ = −Ωρˆ, the radial equation of
motion reduces to
m
(
ω20ρ− Ω2ρ+ ρ¨+ γρ˙− τ
...
ρ + 3τΩ2ρ˙
)
= QE · ρˆ, (A4)
whereas the azimuthal equation is trivially satisfied by
our choice of F react.
We now write an external monochromatic electric field
as E = (Exxˆ + Eyyˆ)e
−iωt + c.c., which permits us to
obtain for the inhomogeneous solution of Eq. (A4) the
expression
ρ(t) =
Q
2m
(
E+
d+
e−iω+t +
E−
d−
e−iω−t + c.c.
)
, (A5)
where
ω± = ω ± Ω,
E± = Ex ± iEy,
and
d± = ω20 − Ω2 − ω±(ω± + iγ)− iτω±(ω2± + 3Ω2).
Notice that the natural oscillation frequency ω0 is split
into two shifted frequencies by the effect of a finite Ω.
2. Torque, absorption, and scattering cross section
The torque acting on the particle is directed along zˆ
and produced by the reaction force of Eq. (A2) accord-
ing to M = −F reactρ. Inserting Eqs. (A2) and (A5)
into this expression and retaining only time-independent
terms (i.e., the time-averaged contribution), we find
M =
Q2
2m
[
− (γω+ + τω3++) |E+|2|d+|2 + (γω− + τω3−−) |E−|
2
|d−|2
]
, (A6)
where ω++ = ω+ 2Ω and ω−− = ω− 2Ω. Equation (A6)
here is the same as Eq. (2) of the main paper.
The light exerts a mechanical torque on the particle
resulting in a power transfer given by Pmech = MΩ. The
6particle is also capable of dissipating energy via light ab-
sorption by the material of which it is made. The total
(mechanical plus absorption) work exerted by the exter-
nal light on the particle per unit time has to include the
effect of radiation damping, and it is therefore given by
P = (QE +mτ
...
r ) · r˙. Alternatively, we can write it as
the power due to the dissipative force, P = (mγρ˙ρˆ) · r˙.
Using either one of these expressions, the time-averaged
absorption power is found to reduce to
P abs = P − Pmech
=
γQ2
2m
(
ω2+
|E+|2
|d+|2 + ω
2
−
|E−|2
|d−|2
)
.
It is reassuring to observe that our model predicts the
absorption power to be proportional to the intrinsic fric-
tion rate γ. This result can be divided by the external
light intensity I = (c/2pi)|E|2 to obtain the absorption
cross section
σabs =
piγQ2
mc
(
ω2+
|E+/E|2
|d+|2 + ω
2
−
|E−/E|2
|d−|2
)
, (A7)
where |E|2 = |Ex|2 + |Ey|2.
It is interesting to analyze the dipole induced in the
rotating particle. We can write it as
p = Qρρˆ =
Q2
4m
{[(
E+
d+
+
E−
d−
)
e−iωt +
E+
d+
e−iω++t +
E−
d−
e−iω−−t
]
xˆ
−i
[(
E+
d+
− E−
d−
)
e−iωt − E+
d+
e−iω++t +
E−
d−
e−iω−−t
]
yˆ
}
+ c.c. (A8)
in the rest frame. This expression contains terms of fre-
quencies ω, ω+2Ω, and ω−2Ω. The elastic cross section
corresponds to the field re-radiated by the component of
frequency ω,
σω =
piQ4ω4
3m2c4
( |E+/E|2
|d+|2 +
|E−/E|2
|d−|2
)
, (A9)
as obtained from the time-averaged integral of the far-
field Poynting vector (that is, the integral of the squared
far-field amplitude) divided by the external field inten-
sity I. Likewise, we can define inelastic cross sections
corresponding to the emission of light with frequencies
ω ± 2Ω,
σω±2Ω =
piQ4(ω ± 2Ω)4
3m2c4
|E±/E|2
|d±|2 . (A10)
The quantities σω±2Ω describe the effective area of the
particles to inelastically scatter the incident light. These
cross sections are the same as Eqs. (3)-(5) of the main
paper. Numerical results are given there for left-handed
circularly polarized incident light (|E+/E|2 = 0 and
|E−/E|2 = 2) and also here in Fig. 6 for linearly po-
larized light (|E+/E|2 = |E−/E|2 = 1).
For the particle at rest (Ω = 0), with the electric field
and the rod both oriented along xˆ, the induced dipole
of Eq. (A8) reduces to (Q2E/md)e−iωt + c.c., where d =
ω20 − ω(ω + iγ) − iτω3. The polarizability of the static
particle is then given by α = Q2/md. Interestingly, this
expression yields Im{−1/α} = 2ω3/3c3 + mγω/Q2, in
agreement with the optical theorem [20], which predicts
Im{−1/α} = 2ω3/3c3 for a non-absorbing particle (γ =
0).
The static polarizability permits establishing a connec-
tion between our simple oscillator model and actual phys-
ical parameters of real nanoparticles. For example, for a
metallic ellipsoid of volume V described by a Drude di-
electric function of bulk plasmon frequency ωp and damp-
ing rate γ, the electrostatic polarizability, corrected for
radiative losses [24], reduces to the above expression with
Q2/m = ω2pV/4pi and ω0 = ωp
√
L, where L is the depo-
larization factor that depends on the rod aspect ratio
[25].
3. Balance of energy
The optical theorem allows us to use the ω component
of the induced dipole p [Eq. (A8)] to obtain the total
extinction cross section
7FIG. 6: Dynamical properties of a rotating rod for linearly polarized incident light of frequency ω and rotation frequency Ω,
both normalized to the excitation resonance frequency of the particle ω0. (a) Mechanical cross section MΩ/I, where M is
the electromagnetic torque and I is the light intensity. (b) Absorption cross-section. (c) Elastic scattering cross-section. (d)
Inelastic scattering cross-section at frequency ω + 2Ω. (e) Inelastic scattering cross-section at frequency ω − 2Ω. The particle
is described by a rotating harmonic oscillator (Fig. 5) with intrinsic damping rate γ = 0.1ω0. The color scale is in units of
Q2γ/mcω20 in (a)-(b) and Q
2τ/mc in (c)-(e), assuming γ  τω20 , and it is saturated at the limits specified in the legend.
σext =
2piω
c|E|2 〈p ·E〉 (A11)
=
piQ2ω
mc
(
ω+
[
γ + τ(ω2+ + 3Ω
2)
] |E+/E|2
|d+|2 + ω−
[
γ + τ(ω2− + 3Ω
2)
] |E−/E|2
|d−|2
)
,
where 〈〉 denotes the time average. Furthermore, the mechanical work on the rotational motion can be expressed as
the cross section
σmech = MΩ/I (A12)
=
piQ2Ω
mc
[
− (γω+ + τω3++) |E+/E|2|d+|2 + (γω− + τω3−−) |E−/E|
2
|d−|2
]
,
which is directly obtained from Eq. (A6). Then, the total
balance of power must be zero, and this leads to the
condition
σext = σω + σω+2Ω + σω−2Ω + σmech + σabs,
which is indeed satisfied by Eqs. (A7) and (A9)-(A12).
Incidentally, σext can be negative, for example when
Ω > ω > 0 and E+ = 0 (left circularly polarized light),
pointing to a net stimulated emission of light from the
rotating particle.
Appendix B: Results for linearly polarized incident
light
In Fig. 6, we provide the equivalent of Fig. 2 of the
main paper, but for linearly polarized incident light in-
stead of circularly polarized light. The right and left
circularly polarized components of the incident light pro-
duce inelastic emission at frequencies ω+2Ω and ω−2Ω,
respectively, as shown in Fig. 6(d)-(e). The torque and
absorbed power are the superposition of the contributions
originating from these two components. Interestingly,
these terms add up in the absorption but they cancel
each other in the torque at Ω = 0.
Appendix C: Lasing and electromagnetic
amplication in systems of rotating particles
It is clear from Eq. (A11) that the extinction cross
section can take negative values when the light and the
particle rotate in the same direction (e.g., for E+ = 0
and Ω > 0), provided the particle rotates faster than
the light frequency (Ω > ω). This is illustrated in Fig.
3 of the main paper, which shows that a negative cross
section is possible due to either absorption or radiative
processes, depending on the magnitude of γ relative to
τω20 . A negative extinction indicates that more light is
leaving the system than it impinges on it. That is, light
amplification takes place due to the interaction with the
rotating particle, and the extra light is coherent with the
incident one. These are necessary conditions for making
8a laser.
An electromagnetic amplifier could be constructed
based on a medium filled with rotating particles. A light
beam with the right characteristics would be amplified at
every encounter with one of the particles. As a result, the
beam could be exponentially amplified as it propagates
along this medium. Particle rotation can be sustained by
external means (e.g., either mechanically for radio waves
or via optical pumping at higher frequencies), so that the
system acts as a transducer that converts the externally
supplied energy into coherent radiation.
In a more sophisticated arrangement, we envision an
electromagnetic cavity containing such an amplifying
medium, in which the radiation is making several passes
before leaving the cavity (e.g., in a parallel mirror config-
uration). The seed in this system can be provided either
by external illumination or by intrinsic spontaneous emis-
sion within the system, which has been recently studied
in detail [26].
This lasing and light amplification effects can be po-
tentially achievable within various windows of the elec-
tromagnetic spectrum. For example, one can rely on me-
chanically or magnetically induced motion up to radio
frequencies < 1 MHz. Light-driven rotation of nanopar-
ticles levitated in vacuum could be used for higher fre-
quencies in the GHz regime before the particles break
apart. Molecular rotators could also be employed up to
THz frequencies, in a process resembling the rotational
Raman effect. These regimes can be accompanied by in-
trinsic resonance frequencies of the rotating bodies rely-
ing on LC circuits at low frequencies or physically equiv-
alent excitations such as Mie resonances, plasmons, and
optical phonons.
Finally, dust clouds in cosmic environments provide
a plausible scenario for electromagnetic amplification be-
cause they are formed by microparticles that are exposed
to the effect of neighboring light sources (e.g., stars and
galaxies), which are circularly polarized in some cases.
This illumination acts over enormous periods of time
(millions of years), thus potentially inducing large rota-
tion in the particles in the range of GHz before they are
destroyed by centrifugal explosion. Therefore, amplifica-
tion can be expected up to GHz frequencies, compatible
with the low-end of the cosmic microwave background.
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